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SUMMARY 

The analyses conducted under Project Cowboy by Texas Instru-    . 
ments,   was performed on eight chemical detonations.    These shots consisted 
of 200-,   500-,   and 1000-pound decoupled shots in a 30-ft.   spherical cavity. 
An additional decoupled 1000-poand shot was detonated in a  12-ft.   spheri- 
cal cavity.    Tamped shots had yields of 200,   500,   and two  1000 pounds. 
Analyses from the data recorded indicated the following results. 

1.   The predominant energy of the decoupled signals is con- 
centrated in the first few arrivals whereas the tamped 
signals are characterized by many arrivals of rather 
constant amplitude. 

2. The 500- and  1000-pound tamped and decoupled shots 
revealed that the tamped shots transmitted a greater 
quantity of low frequency energy than the decoupled 
shots. 

3. The total seismic energy is partitioned differently 
between the various modes of propagation for tamped 
ahd-decoupled shots and is a function of the size of the 
Explosive and cavity. 

- 
s .'4.    The effect of decoupling can be thought.of as a linear 

« ifiiltering of the tamped signal response., * 

% 5.   Amplitude density ratios cornputed frorh spectral " 
„response characterislacs indicated that the decoupling 
is a function of frequency,   shot size,   and distance from 
the source. • 

*   . ; . Seismic attenuations^are usually frequency Sependent; there- 
fore,   the decoupling analysis presented in this report is'based on defining 
decoupling as the amplitude density ratio as a function of frequency. * De- 
peryäing on the time length and area of the seismogram from which th^ 
samples are selected,   the ratios of the average amplitude  response can       s 
describe tfie decoupling as determined for the first arriving refractions, 
body wave segment of the record,   or the total seismic signal return.     These 
ratios are only dependentTipon the seismic signal and noise variations. 
The analysis included energy density spectra of signals and power density 
spectra of the noise samples for the 500- and  1000-pound decoupled and 
tamped events.    Time samples were analyzed,   e.g. ,   .256-second samples 
of the first arrivals and 2. 048-second samples of noise and signal.    Sur- 
face wave energy is not included in the analysis. 
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Seventeen shots were detonated by the A. E. C. ,  under Project 
Cowboy,   in an effort to establish the decoupling capabilities of cavity source 
environments for nuclear detonations.    Texas Instruments participation in 
Project Cowboy was to determine the characteristics,  and analyze the data 
obtained,  of decoupled shots,   seismometer coupling,  environment,  and 
travel paths relative to chemical explosions in spherical cavities. 

The test shots were conducted in early I960.    Special research 
equipment built with company funds for use in seismic research was used 
in the analysis and reduction of data gathered.    S-41 seismometers having 
a frequency of 4 cps were used to monitor the eight shots. 
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SECTION I 

INTRODUCTION 

« • • 
The degree to which the  seismic waves from an underground 

nuclear explosion can be attenuated by detonation in a cavity is of vital 
importance in evaluating the  capabilities of a world wide nuclear survei- 
llance program.    In this regard a test series of chemical explosions was 
undertaken by the A.   E.   C.   called Project Cowboy,    In this test series, 
chemical explosions of similar sizes were detonated in spherical cavities 
washed out in the salt formation and in grouted bore holes.    Seventeen 
shots were detonated in an effort to establish,   by extrapolation from these 
scaled experiments,   the decoupling capabilities of cavity source environ- 
ments for nuclear detonations. 

Many reports have been written by the participants in Project 
Cowboy concerning various aspects  of the tests  covering logistics,   geologic 
studies,   near source effects,   and seismic effects as recorded at the surface 
at distances from several hundred feet to 60 miles.     This  report attempts 
to avoid duplication,   having drawn on the information of the previous reports, 
and due to the nature of the analysis,   presents information which is unique 
and will further the knowledge of the decoupling capabilities of cavity en- 
vironments as recorded in a practical field situation.     The data arid analysis 
presented was  recorded and analyzed with special research equipment built 
with company funds for use in seismic research. 
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SECTION II 
* « 

DATA COLLECTION 

Texas Instruments recorded shots 6 through 13 (four tests,   two 
shots each) held one week apart with special research equipment previously 
designed for recording seismic information.    These tests began on 30 January 
I960 and terminated on 20 February I960 corresponding to tests,   6,   7,   8, 
9,   10,   11,   12 and 13 as indicated in the reports of Adams and Allen1 and 
others.    The seismometers were laid along a line as shown on the map in 
Figure .1 with the  source to seismometer separations given in Table I.   The 
seismometer-locations were fixed throughout the tests with Station 5A corre- 
sponding to Station 5 of the earlier reports (Adams and Allen1).    The differences 
in separations are due only to shot location changes.     The time laps from de- 
coupled to tamped shots was one hour and the  seismometers were left in place 
during the interim; therefore,   the transfer characteristics of the seismometer, 
and seismometer environments  can be assumed equivalent for any of the re- 
corded shot pairs. 

The data and analysis presented was carried out on the response 
from the six S-41.vetocity sensitive seismometers at stations 5A, «5B#   5C, 
5D,   5E and 5F.     These seismometers have a 4-cps natural frequency and 
response  characteristics  similar to that«shown in Figure 2.     The recording 
system passed a frequency band from DC to 250 cps and preserved a 66-db 
dynarrtic range orwmagnetic tape recordings used in the g.nalysi.s of the data. = 
The field records a^-e shown in Figures  3,   4,   5,   and 6 for the S-41 seismometer 
responses for the  eighj shots monitored.     These figures show the 200-pound 
tamped and. decoupled shots,   the 500-pound tamped»and decoupled shots,   the 
1000-pound tomped and decoupled (30 ft.   sphere)  shots,   and the  1000-pound 
tamped and decotJ^led ( 12 ft. .sphere)  shots,   respectively. 

, f     A general analysis of this data is presented in Appendix B. 
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S-41 Seismometer Responses for 500 pound 
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SECTION III 

DATA ANALYSIS • 

• • • 
A.    DECOUPLING 

The main purpose of Project Cowboy was to determine 'the 
attenuating capabilities of a cavity source environment'for chemical ex- 
plosives in an effort to obtain data which could be scaled to underground 
nuclear tests.     The theory upon which,the experiment was based has been 
presented by Latter,   et al   .    Briefly,   the theory states that the energy 
from an explosion -which is propagated as  seismic energy depends on the 
volume  contained within the surface marking the transition from non-elastic 
to elastic wave propagation.    In the case of a tamped shot in a homogeneous 
medium this boundary depends only on the type and size of the charge,   the 
characteristics of the medium,   and the depth of the shot.     For a cavity 
source environment this volume will be greatly reduced and hence there 
will be less energy radiated as  seismic -waves.    If the  sphere is large 
enough for the  critical pressure to have been obtained -within the  cavity the- 
theory also predicts the amount of attenuation expected. 

Definition of the decoupling'as it is seen by surface  seismo-,, 
meters in a typical field situation depends on the type of data available 
and for -what use the information is being evaluated.    First,   the earth is 
not a homogeneous half space,   nor does the earth function as a simple 
filter in a noiseless situation.    Secondly,   a ratio of peak amplitudes may 
be sufficient in some instances*   while in others the knowledge that decoupling 
in one frequency band for a particular portion of thp record is quite low will    ■ 
supersede the knowledge that the ratio of total energy response is qui*te high. 
Thus,   there is a need for several well defined ratios to adequately represent 
decoupling as deterpnined from surface seismic recordings. 

To describe the differences in signal  response  from a tamped 
=and decoupled shot of similar charge  size,   a ratio of amplitudes  is required, 
preferably as a function of frequency.-   Since amplitudes are what is seen.pn 
a seismic record it is more natural for a decoupling factor to be described   * 
as a ratio of amplitudes rather than a ratio of energies. 

The most simple ra^tio is that of peak particle velocities as 
recorded by#seismometers for a jfiven shot pair.     As this  factor will not - 
depend on frequency,   nor on energy present over a time period of one or 
several cycles,   nor on any other  changes in character except amplitude, 
it can be  related only to the detectability by amplitude  comparison when 
signal-to-noise ratios are  greater than one.     The accuracy is quite depen- 
dent on the noise level; i. e. ,   it might be a comparison of different -phases 
and is at best the ratio of signals plus  or minus noise.     Nevertheless,   when 

12 
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signal-to-noise ratios are large,   as was the  case with Murphy's measure- 
ments near the  source,"* this  ratio of amplitudes is quite meaningful.    • 

The desire to add frequency as "a parameter follows from the 
fact that seismic attenuations are usually frequency dependent.     The ma- 
jority of the decoupling analysis will therefore depend on defining decoupling 
as the amplitude density ratio as a function of frequency.     The analysis 
represents the ratios of the average amplitude  response over a  specified 
length of seismic record in a  given frequency band.     Depending on the time 
length and area of the  seismogram from which the samples are  selected 
these ratios  can describe the decoupling as determined for the first arriving 
refractions,   the body wave segment of the record,   or the total seismic sig- 
nal return.     These ratios are only dependent upon the  seismic signal and 
noise variations.    The transfer characteristics of the  seismometer,   the 
seismometer environment,   the  recording system,   and the earth travel path 
can be assumed constant between tamped and decoupled shots.     Hence,   the 
ratio of the amplitude density responses is only dependent on the differences 
in amplitude density characteristics of the  source signals and the ambient 
seismic noise..    In this  case we need not limit the analysis to recordings 
with high signal-to-noise ratios for it is often possible to compensate for 
the noise. 

B.     COMPUTATION OF SIGNAL AND NOISE SPECTRA FOR 
DECOUPLING CALCULATIONS 

Signal and noise a,re'statistically different and in an operation 
calling for the  subtraction of frequency responses much care must be 
taken in'order to maintain valid results.     The  signals as recorded on a 
seismogram can be thought of as aperiodic functions having a finite dura- 
tion and energy.    Seismic noise,   however,   is best modeled by a random 
function as it has infinite time duration and energy.     The spectral analysis 
of the  signals and noise follows the interpretation of Y.   W.   Lee": 

1.     The appropriate  signal cfr noise section of the data is 
defined as ^ .* • 

,    f, (t) from 
-T to  4-T 

2.      An autocorrelation approximating the integral is 

T 

T-» oo _ x 

for the finite sample time  -T to +T. 

dt 

13 
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The  cosine transform of the autocorrelation is 
oo 

*ii<w)= h   /-oo   ^n(T)  e 
•lOJt 

dt 

1 

The Fourier transform of the autocorrelation of an aperiodic 
function is an energy density spectrum of the time function f    (t).     The 
Fourier transform of the autocorrelation of a random function is a power 
density spectrum-per 2T unit time of the function f   (t).    Since power is 

defined as energy expended over a unit time,   it is seen that if the noise 
and signal samples are of the same length or the values normalized to 
the  same length the two spectra are directly comparable.    As a result of 
this normalization.these power density  and energy density estimates  can 
be directly related to amplitude density estimates used in calculations of 
decoupling by taking the square  root of each value.     These energy density 
spectra are also directly related to ground particle velocities as shown 
in Appendix A. 

Figures 7 through 14#present smoothed energy density spectra 
of signals and power density spectra of the noise samples for the  BOOand 
1000-pound decoupled and tamped events 8,   9,   10,   and  11 as recorded by 
the S-41  seismometers at stations  5B, '5D,   6E and 5F.    In the case of the 
500-pound shots,   . 256-sec"bnd samples of^the first arrivals have been ana- 
lyzed in addition to th^  2.048-second noise and signal samples.     On some 
of the graphs the noise  spectra have been subtracted from the  signal plus 
noise values for the decoupled events  in ord^B to present an estimate of 
noiseless decoupled signal  spectra.     * ' 

•        e c 
The  ajialysis herein did not include the spectra of samples 

longer than the  2. 048-seconds presented and hence no surface wave  energy 
is included in the analysis.     The tamped shot signal return appears to con- 
tinue for many seconds after'the initial redaction arrivals whereas the de- 
coupled shots do not appear to have generated th^ same ratio of surface        • 
wave to body wave energy and the surface w^ve modes are not apparent 
on the field records.     An analysis  of the ^irst two seconds  of energy return 
will therefore not be a taue total energy spectrum,   especially for tke tamped 
shots».     As the surface waves appear to be predominantly of low frequency 
content,   thfs truncation of the signal should only affect the energy density 
spectra for frequencies less than  10 cps. 

C.     DECOUPiLING CALCULATIONS 

1.   Peak Amplitude Comparison 

The  ratio of the peak particle velocities was  computed for the 
500-pound tamped and decoupled shots as  recorded at stations  5A through 

14 
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5F so that these values might be compared to the amplitude density ratios 
as a function of frequency. 

TABLE II 

S-41 SEISMOMETER RESPONSE DATA FOR STATIONS 5A-5F 

Station 
Separation 

Decoupled 

22, 100 feet 

Di£ >tance 
Tamped 

21, 690 

Decoupling 
Factor 

5A 116 

5B 22,696 feet 22,285 75.6 

5C 23, 292 feet 22,880 77 

5D 24, 68 3 feet 24,270 105 

5E 25,279 feet 24,865 94, 5 

5F 25,975 feet 25,561 95.6 

The data presented in Table II,  was  computed from values which were plotted 
in Figures  15 and 16.     The  500-pound decoupled and tamped unfiltered.re- 
cordings shifted in time to correspond to a correction for a 17, 500 foot/sec 
apparent velocity.     The amplitude scale of the 500-pound decoupled record- 
ings are  100 times* less than the  scale on the  50(T-pound tamped records of 
Figure  16.    Summing the  shifted decoupled traces produced the  curve shown 
in Figure  17 and doubled the  signal-to-noise ratio of the largest return re- 
corded at Station 5B.     The composite trace (Figure  17) has a great deal of 
noise preceding the first arrival,   whereas the  signal amplitudes recorded , 
for all tamped shots are much greater than the background noise. * 

2.     Two Second Averages of Amplitude Density Ratios as a _ 
Function of Frequency 

The energy density spectra for the  signal and noise  samples 
presented in Section III,   B present estimates of the average energy recorded 
during the time sampled as a function of frequency.    The spectral estimates 
Q£ the noise are assumed stationary for the few seconds between the analyzed 
noise and signal samples.     The values obtained for the noise energy density 
estimates were then subtracted from the  corresponding signal energy den- 
sity spectra which was in reality a spectral response oi signal plus noise. 
If the assumption of stationarity is upheld or the values of the noise spec- 
tra are relatively small the  resulting spectra are estimates of the true 
noiseless signal return.    No attempt was made to subtract a noise estimate 
from the taimped signal estimates as the  signal-to-noise amplitude ratios 
were of the order of 50 or more,   or when the  signal-to-noise amplitude 
ratios were of the order of one or less. 
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• of 500-pound Decoupled Shot Test ( 

The decoupling computations  consisted of dividing the energy 
density estimates of the decoupled signal samples,   with or without com- 
peneation for the noise,   into the values of the energy density estimates 
of the tamped signal samples and taking the  square root o^ this  result to 
produce an amplitude density ratio as a function of frequency.    Since the 
energy density spectra presented drop in magnitade quite  sharply at,fre- 
quencies above* 40 to 50 cps and below 6 to d0 cps,   the bands containing 
90% and 99% of'the energy of the tamped signal response are therefore 
indicated,   and ratios were not computed outside this region.     This was done 
in order to neglecfc regions whe#re minor variations in the noise would cause 
erroneous  ratios. 

• • 
The amplitudesdensity ratios  can be represented algebraically, 

-% '     ~it 

A{f.)  = 
\ 

sT{fi) sT(fi) 

'WV + NDC^WV + 'W'I» -Vc<fi> 

where A(f.)   = amplitude density ratio centered at frequency f . 

N
DOT 
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S   (f.) = Signal Amplitude Density Spectral Estimate at (f.) for 

the Tamped Shot Signal Sample. 

(S        (f.) +  N       (f.))   = Signal plus Noise Amplitude Density 
Spectral Estimates at (f.) for Decoupled 
Shot Signal Sample. 

N    _(f.) = Noise Amplitude Density Spectral Estimates for Noise 
Preceding Decoupled Event.      # 

( * denotes  complex conjugate) 

The desired ratio corresponds to 

a(f.)  = 
ST(V-ST(fir 

SDC(£i)  •   Si>C{iJ* 

which,   depending on the  correctness of the assumptions mentioned above 
concerning the stationarity of the noise or values of signal-to-noise ratios, 
,will be approximated by A(f.). 

* 
The assumption that the cross terms   S        (f.) ^N        (f.)    and 

. XJ Vw» 1 \)\   • 1 

S (f.)     N    _(£.) are negligible assumes that the  signal and the noise are       • 
XJ{~/     1 Uy~s      1 

statistically independent,     an assumption that should be valid. 

In the case of the  500-pound decoupled shot recorded at Station 
5B the first arriving energy represents a signal which is much higher in 
amplitude than the level of the ambient noise.     Hence,   in an analysis in- 
volving the energy density spectra of the first . Z56 seconds of the decoupled 
and coupled signals very little error will be involved if the expected noise 
spectra is not subtracted.    The aforementioned analysis is shown in Figure 
18.     This  curve indicates very low values between 20 and 28  cps with an 
apparent high value around 16 cps.    Referring first to the  spectra and then 
to the field records this data indicates that not only is the  surface wave 
response  relatively low on the aecoupled records but also some of the lower 
frequency content of the bod^ wave arrivals are greatly attenuated.     Tltis 
may be analogous to the obs«ervation on the records for the decoupled shot 
12,   (the   1000-pound shot in the   12-foot diameter hole),   where  several arrivals 
are  evident which are not present on the other decoupled shot recordg  re- 
corded,   6,   8,   and 10. 

For the 500-pound test shots 8 and 9,   as recorded at 5B,   an 
analysis was also conducted for a 2. 048-second segment of signal and noise. 
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In this  case noise compensation carried out as .the assumption  of sta- 
tionarity seemed valid and the  sample lengths 'were long enough to attain 
a true estimate of the  expected noise spectra.     The plot of this result is 
presented in Figure  19.    The  general level of decoupling is much greater 
than that indicated by the  short segment analysis of Figure   18 and sub- 
stantiates the observation that- the predominant energy of the decoupled 
signals is concentrated in the first few arrivalSjWhereas the tamped signals 
are characterized by many arrivals of rather constant amplitude.    As re- 
iterated above,   the low frequencies recorded appear to be better decoupled. 
Similar differences in the partitioning of energies for decoupled and tamped 
shots are implied from a comparison of the energy density estimates for the 
2. 048-second and . 256-second signal samples presented in Section III,   B 
for the S-41  seismometer responses at stations  5D,   5E,   and 5F for the 
500-pound test shots.     This data indicates that the first arriving refractions 
contain the majority of the decoupled shot energy which is  recorded and 
that the decoupling is  frequency dependent. 

The set of amplitude density ratios presented in Figure 20 
represents the decoupling A(fi) as seen for the  1000-pound shot tests   10 
and 1 1 at stations 5B,   5D,   5E,   and*5F for 2. 048-second data samples. 
Comparing the first curve (5B) to that one on Figure  19, it is  seen that the 
decoupling»as  computed for the  same travel path for the-1000 pound shots 
#10 and #11 are decreased by a factor of about 2.     The  curves are similar 
in shape but the lower frequencies for the larger decoupled shot are not 
as drastically att^nuatedf    There appears to be very little correlation of 
the curves for the   1000-pound ratios at stations  5B,   5D,   5E ami 5F.     The 
general feature which is difficult to explain is that these  curves increase 
in amplitude with distance from the source.    Since the analysis is created 
to take out the effects  of the earth's transmission characteristics,   as well 
as those of the  receiver and recording system,this  result leads to an in- 
definite paradox which may or may not be explained by variations in 
excitation of various modes of propagation for different travel paths, 

D.    ERROR ANALYSES 

In each case where noise  compensation was attempted the 
signal-to-noise  ratios were quite high and the noise also appeared to be 
stationary.    Hence,   the large variations from the predicted noise spectra 
are not expected and at best would cause a  second order effect in the re- 
sultant decoupling function A(f.).     In the  case of the tamped signals^the 
noise  is down by a factor of about 50 in amplitude and hence a factor of 
about 2. 5 x  10       in energy.     Therefore,   in the numerator of the expression 
for A(f.) the noise has not been considered. 
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A(f.)    - 

Dropping the notation (f.) and allowing it to be assumed the denominator 
• then becomes 

DC 
* * 

S + N N 
DC DC       DC 

N 
.1 
DC 

1* 
DC 

and as stated previously the  cross terms S N and   S N can 
DC     DC* DO      DC 

be neglected if there is  statistical independence of signal and noise.    The 
argument of the denominator can then be expressed as S   '      S + e  where 

«  is an expected error function.    If t   is  small compared to S        S the 

function A(f.) which has been computed approximates the desired function 
a(f.). 

DC DC 

€ will be  small if the signal-to-noise ratio for the decoupled shot 

S. DC 
N 

>>   1 
DC 

or if NDC - NDC 
1 

Thus, since the analysis has been limited to cases where the first condition 
is met, variations (usually small) in the noise will only contribute to second 
and third order variations in the  computation of A(f.). 

E.     COHERENCE CALCULATIONS 

At a given station the travel paths will be similar for the  coupled 
and decoupled signals and the  r&cording system will be the  same.    Hence, 
by following the theory of Latter,   et al^,   the decoupling as  seen at the sur- 
face  should be similar to a linear filtering of the tamped shot sigfials.    As 
predicted by Latter's theory the tamped source signal function attenuated 
by a linear filter is the expected form for the decoupled shot signal.     Com- 
putations were conducted for a recording of the 500-pound decoupled and 
tarrtped tests #8 and #9  since the smaller decoupled shot was less likely to 
have exceeded the elastic limits on the wall of the  30 foot cavity than the 
larger shots and hence  should be a better practical test.    This modeling 
is represented in Figure  21. 
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Assumed Modeling of Decoupled Signal by Linear 
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The following notations are used,   in which the dependence on 
•frequency is assumed: • 

S     a the frequency response of the decoupled shot as it leaves 

the  source region 

S_   = the frequency response of the tamped shots as it leaves 
2 • 

the  source region , • 

H1    = the filtering due to the ground path 
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N     = the noise amplitude spectra recorded at the seismometer 

for the decoupled shot 

N_   = the noise amplitude spectra recorded at the  seismometer 

for the tamped shot ,    • 

H_   = the assumed linear filter for which S     = H     S_,   then 

the tamped shot response  can be given as'S-   H1   +  N_ and the decoupled res- 

ponses S.   H1    + N.   can be represented as S     H     H.    + N   . 

D 
.. 

T- 

I 
I 
D 
0 

The energy density spectra of the decoupled signal response 
can then be represented as: 

V   = (S2    H2    Hl  +  Nl)   (S2    H2    H*   +  N*) 

where * represents  complex conjugate. 

If the noise is statistically independent of the signal 

1*2   H2     Hl    Nl N,   S2   H2    H1   = 0 
ale 9{c sfe -if. 

and the above relation becomes   *       =S      H     H.   S-   H,   H,   + N      N   . 

The energy density spectra of the tamped signal response  can be represented 
similarly: 

*22   =(S2   Hl   +  N2)   (S2    Ht+N2>- 

Again,   if the noise and signal are independent . 
■if. if if. 

N_   =  S_    H,     N_   = 0    and the relation becomes S2    H, 

*22   =S2    H,   S;H;.+ N2#N* 

The cross energy density spectrum of th^ coupled and decoupled 
signal response can be represented as: 

if if if 
<I> 

1Z (S2    H2   Hj   f Nj)   (S2   H1    +N2). 

0 

ID 
[I 

n 
i 

Now if the tv0 noise  samples and noise and signals can be 
assumed as statistically independent 

Nl    N2   =N1   S2   Ht   =N2   S2   H2    Hl 0   and the above relation 

be comes 

*12   =S2    H2    Hl   S2    Hl- 
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Now if we define  coherence as 

K 
12 

4> 
12 

i     i 
11     22 

then K 
12 

*       *       * * 
S2  S2   H1   Hj    H2   S^ S2   H1 H,     H, 

(S2   H2   Hj   S*   H* 

therefore, if 

•. 
S2    S*    H1 

* 
Hl 

N2N2 * 

o     * and S2   S2 
* 

Hl    Hl    H2 
* 

H2 

H*   +  Nj N* ) (S. 

» 1 

H, S,   H*   + N, N,) 

» 1 

Nj    N 
1 

then K, ~ 1.    K.      must be equal to or less than unity.     Therefore,   if tlfe 

noise spectra are small in comparison to both the tamped and decoupled 
spectral estimates the nearness of K   _   to a value of unity will be directly 

A^ * 
related tö the validity of the assumption that 'S,   := S_   H   .     The effect of . 

decoupling can be thought of as a linear filtering of the tamped signal re- 
sponse. 

• 
As a test of this hypothesis the recordings of the signals from 

the 500-pound tests 8 and 9 as recorded by the S-41  seismometer at station 
5B were analyzed for K._. 

This data is appropriate since the  signal-to-noise ratic^is 
quite large for both the decoupled and tamped shot recordings.    The values 
computed were 

K 
12 

» 12 for samples of signal response data of 
* 

11       22 

2. 048-seconds duration. 

The analysis of the two second data samples is   shown in 
Figure 22.    It is interesting to note that the highest value  shown is that 
at 2 cps  corre'sponding to a coherence of the 2-cps microseismic noise. 
The values shown between 22 cps and 40 cps indicate that the assumption 
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of the linear filter characteristics of decoupling are  reasonably upheld within 
this pass band.    Above  40  cps the  signal return dropped off sharply and below 
20 cps the energies prominent in the tamped recordings had greater attenua- 
tion in the decoupled response. 

The transfer  characteristics" of the source environment filter 
H_ ( <J0) can now be determined. 

Since *12   =S2   H2    ^    S.,     ^ 

* 
and      <&        ~ S       H.    S_     H.     under the assumption that the noise  response 

is  smaller as  compared to the signal,   then «, 

[1    • 

li 

II 

*. 
12 

4> 
~ H. the transfer characteristic   of the  source environ- 

Z2 

ment.     The amplitude response of H    ( U)) as predicted from the linear filtering 
• 2 

hypothesis is  shown in Figure 23.     There is an alternative way to compute 
H2 (w)r 

Theoretically,   since 

4> 
1 1 H2    H1    S2 H''~ H!"   + N,   N 

i i 
and 

<!> 
22 

= S2H1    S2   H1   +N2   N2 

if the  contribution o^ the noise is  subtracted or is  relatively small 

*,,    i^) 11 
9. 

22 
{CO) 

H2   (0)) 

H    (Cü) is the filter required to change the amplitude  response of the tamped 
« 

source S_ (Cc))   into the amplitude response of the decoupled sour'ce S.   (UJ). 

If linearity were exact the H     amplitude  characteristics found in this   manner« 

would be the  same as that shown above in figure 23.     The  result of these  com-, 
putations with and without noise  compensation are presented in Figures  24 
and £5 respectively. 

• 
The differences between these three  curves are indications of 

the, degree of variations from the assumptions of a linear  source environment 
filter and neglectablity of noise affects and cross product terms.     The  general 
character of all three  curves  is quite  similar and indicates quantitatively the 
frequency dependence of the attenuation of the  cavity environment for one parti- 
cular test. 
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SECTION IV 

CONCLUSIONS 

It can be concluded from this study that the partition of energy 
in a decoupled shot is different from that radiating from a tamped shot. 
This partitioning refers to the amounts of energy present in various types 
of elastic wave propagation and to the relative amounts of elastic wave 
motion in various modes.    For the various decoupled shots of different 
sizes this partitioning change   indicates   that the degree and type of de- 
coupling varied with the size of the charge and the cavity in which it was 
fired.     Therefore,   the values of the amplitude density ratios of tamped to 
decoupled shots are dependent on frequency,   the modes contained in the 
section of the response which is analyzed,   and on the  size and disposition 
of the decoupled shot.     In addition,  for some of the body wave modes re- 
corded from a tamped and decoupled shot pair at a single station,   the 
decoupled signal can be approximated by linear filtering of the tamped 
shot source function.     However,   the decoupling as analyzed at different 
stations is seen to increase with distance from the source.     This pheno- 
menon is difficult to explain in that it seems to require different attenuation 
characteristics for tamped and decoupled shots. 
* 

In general,   it is possible to greatly attenuate the seismic 
energy radiating-from a given size shot by detonation in a cavity environ- 
ment.-   As recorded at the surface,   the degree of decoupling is only 
roughly predictable and extrapolation to the decoupling of underground 
nuclear explosions at much greater distances will be quite difficult. 
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APPENDIX A 

GROUND PARTICLE VELOCITIES 

Absolute determination of the instantaneous and average ground 
particle velocities as recorded by the S-41  seismometers have been made. 
Some peak signal values are presented here with a formulation for obtain- 
ing average values directly from the energy density spectra presented in 
this report. ° => 

o 

The absolute particle velocity for the peak amplitudes recorded 
for the 500 pound tamped and decoupled shots 8 and 9 by S-41  seismometers 
at station 5A through 5F are presented in Table Al 

TABLE Al 

PEAK PARTICLE VELOCITIES FOR SHOTS 8 AND 9 

Sta tion 

5 -A 

5 -B 

5- 
• 

-C 

5- • D 

5- -E 

5- -F 

Tamped 

-2 
1. 075 x 10       in/sec 

-2 
1. 08    x 10       in/sec 

_3 " 
3. 7       x 10       in/sec 

_3 
6. 23    x 10       in/ sec 

_3 
4. 58    x 10       in/ sec 

_3 
6. 5       x 10       in/ sec 

Decoupfed 

-5 
9.3   i x 10       in/sec 

_4 
1. 425 x 10       in/sec 

'-5 
4.8       x 10       in/sec 

_5 
5.96    x 10       in/ sec 

_5 
4. 86    x 10       in/sec 

c  _5 
6. 85    x 10 .    in/ sec 

The effects of seismometer coupling,   environment,   and travel 
paths are quite evident from the above data. 

It is p»ossibIe to compute 4-cps band averages of particle 
velocities from the energy density plots if they are desired.     The process 
is quite simply that of taking the square root of this product    and multiply- 
ing the result by 6. 35 x 1_0~° inches/second.     This constant is directly 
related to the S-41 response characteristics. 
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7VPPENDIX B 

GENERAL ANALYSIS OF FIELD DATA 

Some of the general features of the data which were analyzed 
are presented here as background information to the prime purpose of 
determining decoupling characteristics.     The data included can be derived 
directly from the field records  shown in Section II. 

1. The .200-pound decoupled shot cannot be detected 
in Figure 4 but all larger shots were observable 
on the field" monitor and playback records. 

o 

2. The records for the tamped shots revealed a long 
train of energy with amplitudes recorded at a 
rather constant level over  several seconds as 

"    both body and surface wave energy. 

3. The decoupled shots,   on the other hand,   appear 
to have  recorded a short duration body wave or 
two (refracti«n arrivals)  and little  else.     The 
later arrivals being of lower amplitude are 
obscured in the noise and hence are not seen. 

, #4. The records made for the  1000-pound shot de- 
s coupled in the  12-foot diameter hole (shot  12 

presented in Figure  6) indicate the occurrence 
of several refraction arrivals which were not • • 
apparent on any of the other decoupled shot 
recordings.     This later arriving energy is pre- 
sent on the tarnped shot recordings,   however, # 

and indicates that shot  12 was not decoupled to 
the  same extent as the  shots in the larger hole. 
Hence,   following the theory of Latter,   et. al. , it 
is presumed that this shot exceeded the elastic 
limit of the wall of the  12-foot sphere.    It is 
interesting to note that the later arriving  surface 
waves £pr the  12-foot sphere* shot are still attenu- 
ated below visual detectability.             • 

A closer look at this data reveals that the fi^rst arriving energy 
"does not travel the  same  refraction path from  shot to  sl^ot or along the  same 
refraction interface from  seismometer to seismometer.     As indicated by 
the travel*time curves of Figure 4. 2 of the Project Cowboy report of Adams 
and Allen, * there may be a number of intersecting refractions arriving at 
similar times for  stations between 20, 000 and 26, 000 feet from the  source. 
This is unfortunate from the "standpoint of separation of events but it may help 
to explain variations in the arrival tim.es and in the calculated apparent 
velocities.  Table Bl shows values of apparent velocities determinedfrom 
these records. 
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TABLE Bl 

VALUES OF APPARENT VELOCITIES AS TIMED FOR STATION 5-A 

Shot ff 

200# Tamped    7 

500# DC 8 

500# Tamped    9 

1000# DC lo' 

100P# Tamped 11 

1000# DC 12 

First Apparent 
Velocity  

19, 000 ft/sec 

17,500 

17,500 

Picked Time 
at Station 5A 

2. 220 seconds 

2.240    • 

2. 200 

Later Arriv-    Picked Time 
al Velocity at 5A 

9000 ft/sec     2, 935  seconds 

16,000 &  19,000   2. 198 & 2.240 

-19,000 &   17,500   2.200 & 2.238 

17, 500 2. 200 

9000 

9000 

2. 950 

2. 895 

These  arrival times are not always the first arriving energy but are the times 
corresponding to a peak or trough which can be correlated from trace to trace. 

Table B2 presents the time increment from the  shot to the first 
arriving energy which is obviously not part of the noise. 

TABLE B? 

GROUP VELOCITIES (AS TIMED FOR STATION 5-A) 

Shot # 

6 

7 

8 

9 

10 

11 

12 

I It Distance 

■> 22, 100 fe'et 

2. 208 21, 600 feet 

2. 204 22, 100 feet 

2. 184 2 1, 690 feet 

2. 197 22, 100 feet , 

2. 175 21, 752 feet 

2. 192. 21, 858 feet 

Distance/At 

9. 783 ft/sec 

10, 027 ft/sec 

*     9, 931 ft/sec 

iO, 059 ft/sec 

.   10, 001 ft/sec 

9, ^72 ft/sec 

n 

Thus,   it is concluded that various wave paths have been traveled 
by the first arriving  significant energy for the various  shots,for a given 
seismometer location.     The group velocity is indicative of a deep traveling 
wave whic*h has transversed much slower material upon leaving the refrac- 
tion interface.     The times are commensurate with the travel curves shown 
in Figure 4. 2 of Adams and Allen, 1 although the apparent velocities of 
17, 500 ft/second of Table B2 do not appear in their Table No.   4. 3.   This may 

2B 
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indicate  some changes in the stratigraphy but the data is too sparse and the 
possibility of overlapping refraction arrivals too great to prove or disprove 
any geologic interpretation.     The arrivals as picked indicate an apparent 
velocity of 17, 500 feet per second. 

Filtering and Time Shift Computations.   - With some knowledge      • 
of the signal and noise analysis presented in »this report an attempt was made 
to recover the  signal from the 200-pound decoupled shot by digital frequency 
filtering and applying move-out corrections for apparent velocities described 
above.     The data from shot 6 was filtered with a 16 to 54 cps bandpass filter 
and a 32 to 56 cps bandpass filter.     The broader filter was designed in order 
to reject 2-,   4-,   8-,   and 60-cycle energy which showed up in some of the 
spectral analysis of the noise preceding the detonation time.     The narrower 
filter was computed in an effort to also cancel any noise response below 30 
cps since a greater  signal-to-noise ratio was expected above this frequency. 
As can be^seen in Figures Bl through B6,   neither filter obtained an obvious 
signal.     The problem being that the noise remaining in the  selected pass bands 
is still much greater than the signal.     The expected arrival times of the re- 
fraction for which the normal move out correction is made are indicated in 
each graph by . 1  seconds on the time scale.     Although some coherence may 
be  seen,^ the presence of an observable  signal remains questionable^    It is felt 
that further frequency filtering is not justified. - 
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APPENDIX C 

GENERAL NOISE ANALYSIS 

In the main text of this report it has been shown that the accuracy 
of the analysis depends on the characteristics of the noise.     It is in this 
regard that this ^appendix contains the general characteristics of the noise. 
Some general statements concerning the noise are worthy of note. 

1. *rhe power density spectral estimates differ 
greatly from one station to the next and only 
the long time (2 second) averages can be ex- 
pected to be quasi-stationary for individual 

• seismometer responses over periods of 
several seconds.     The quasi-stationarity is 
illustrated in Figures Cl  and C2 which show 
the power density spectra obtained by analyzing 
two successive 2. 048-second samples of noise 
from the same seismometer preceding the 500- 
pound decoupled shot. 

2. The background noise level as well as individual 
predominant power density estimates vary 
markedly for  samples separated by one hour      * 
(the time between the decoupled and tamped 

, shots).     This is illustrated in Figures C3 and 
. C4 which show the average power density 

levels differing by a factor of 5 or greater.» 

3. The signal and noise  spectral estimates may 
cover the same frequency ranges for any record- 

.   'ing.     Since the noise is.not predictable frorrp shot 
to shot or  station to station such attempts of 
signal enhancement by frequency bandpass filter- m 

ing,   as presented in Appendix B for the 200-pound 
decoupled shot,   are of questionable value.  . 

. 
• 4, Certain frequencies did appear pre'dominant and 

consistent on some of the recordings.     The two- 
cycle per  second microseismic noise,   although , 
greatly attenuated by the response characteristics 
of the S-41  seismometers was present on many of 
the  recordings.     An eight-cps noise appeared 
consistent at several stations and is probably 
relatable to the proximity of a pumping  station to     B 

these  seismometers. * 
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The analysis of the stationarity of noise preceding each decoupled 
shot such as presented in Section III provides a guide to the general signal- 
to-noise ratios expected and establishes where errors in the noise estimates 
will cause only secondary errors in the  computation of amplitude density 
ratios. • 
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